Motivation: In a genome-scale metabolic model, the biomass produced is defined to have a molecular weight (MW) of 1 g mmol
Introduction
Genome-scale metabolic (GSM) networks and the constraint-based reconstruction and analysis (COBRA) framework have proved to be valuable tools in modeling cellular metabolism (Lewis et al., 2012; Price et al., 2004; Schellenberger et al., 2011) and answering important biological questions (McCloskey et al., 2014) . In flux balance analysis (FBA), one of the fundamental constraints is the steady-state mass balance equation (Orth et al., 2010) , which quantifies the conservation of component balance. As a prerequisite for quantitative predictions, all reactions must be component and charge balanced. This principle of mass balance also applies to the biomass reaction, which expresses biomass as a defined ratio of macromolecules synthesized from metabolites Original Paper (Feist and Palsson, 2010) . A GSM model describes in quantitative terms the substrate-to-biomass conversion, from mmol of substrates to gram dry cell weight of cells. By definition the biomass produced must have a molecular weight (MW) of 1 g mmol À1 in order to quantitatively compare biomass formation with the observed growth yields or specific growth rates Fong and Palsson, 2004; Ibarra et al., 2002; Lewis et al., 2010) . FBA identifies optimal solutions that strike a balance between biomass formation and ATP production, thus any discrepancy in biomass weight may tilt the balance to have a disproportionate influence on FBA derived flux predictions. This becomes even more critical when comparing multiple GSM models or modeling microbial communities that combine multiple organisms (Harcombe et al., 2014; Heinken and Thiele, 2015a,b; Khandelwal et al., 2013; Klitgord and Segrè, 2010; Magn usd ottir et al., 2016; Shoaie et al., 2013 Shoaie et al., , 2015 Zhang et al., 2016; Zhuang et al., 2011; Zomorrodi and Maranas, 2012; Zomorrodi et al., 2014; Zhang et al., 2016; Magn usd ottir et al., 2016; Chan et al., 2017) . Predictions from optimization-based analyses such as FBA will introduce a bias towards lightly biomass-weighted microbes in the overall community abundance. Despite its importance, we found that ensuring that the MW of biomass is exactly equal to 1 g mmol À1 is not always enforced in practice. We introduce a systematic procedure named 'minimum inconsistency under parsimony' (MIP) for determining the MW of the biomass and simultaneously ensuring the complete elemental balance in every single reaction in a metabolic network. MIP formulates the elemental balance as an optimization problem that solves for the chemical formulae of generic metabolites by minimizing the inconsistencies using the information of known metabolites. The MIP solution provides guidelines for resolving all imbalances in a model. After examining 64 published models, 20 models were manually curated to ensure complete mass-and-charge balance and a standardized biomass weight. The impact of standardizing the biomass weight on FBA-based simulations was assessed by comparing the biomass yield per carbon using the original versus corrected biomass reactions for the 20 curated models.
Materials and methods

Minimum inconsistency under parsimony
An optimization problem for computing the biomass MW based on the elemental balance of internal reactions is presented. Let I and J be the sets of metabolites and reactions, respectively. S ¼ ½S ij i2I;j2J denotes the stoichiometric matrix and I k the set of known metabolites with defined chemical formulae. 
where m ie is the stoichiometry of element e in metabolite i. However, if any elemental imbalance exists in any reaction, the system of equations becomes infeasible. To accommodate imbalances in Equation (1), a variable x je is added in the optimization problem to quantify the elemental imbalance in reaction j for element e. An objective function is thus defined that minimizes the sum of the absolute elemental imbalances. The result of this minimization problem is the minimum possible elemental imbalances that can be used to identify defined chemical formulae for metabolites in I u that balance as many reactions as possible. We find that most imbalances are caused by differences in elemental hydrogen balances that can be resolved through the addition of missing protons. The optimization model, therefore, determines the stoichiometry of protons or other small molecules in each reaction that minimizes imbalances. The set of metabolites used for correcting imbalances is denoted by I f , which in this study contains only protons. For each i in I f , a variable A ij representing the adjustment of the stoichiometry is defined for each internal reaction j in J ne . The complete procedure termed MIP is a three-step optimization approach. First, the total inconsistency is minimized (Step 1):
Then, the total inconsistency is bounded above by its minimum and the total adjustment by A ij is minimized (
Step 2):
je is the inconsistency determined in Step 1. Having A ij > 0 implies that adding metabolite i as a product to reaction j relieves the inconsistency whereas A ij < 0 denotes that metabolite i should be added as a substrate. Any remaining non-zero x je represents an inconsistency requiring manual resolution. Finally, a set of minimal formulae is obtained by minimizing m ie with the total inconsistency and adjustment bounded above by (Step 3):
Step 2. We find that if the formulae for all known metabolites used are correct and the elemental imbalances among reactions are rare then the imbalance x je identified by MIP generally correctly represents the true underlying inconsistency. The veracity of MIP predictions thus relies on the accuracy of the chemical formulae for the known metabolites. Flagging as many metabolites as possible as 'known' and providing their correct elemental composition can help reveal inconsistencies. Ideally, inconsistencies should be fixed so that the objective values in Steps 1 and 2 are both zero in the final model. In this case, unique formulae for metabolites not involved in the transfer of any conserved moieties (discussed in the Section 2.2) can be obtained. Alternatively, in the presence of inconsistency, a range for the minimum and maximum possible m ie of an interested metabolite i (e.g. biomass) can be calculated. See SI Methods for more details.
Conserved moieties involved in metabolites with non-unique formulae
Another issue that frequently arises is that a non-zero null space of S T will result in non-unique solutions when solving the formulation MIP. For example, oxidized and reduced ferredoxins always appearing as a pair in reactions are in the null space of S T . Although MIP finds the set of the simplest chemical formulae, the general case can be modeled using mass conservation vectors in metabolic networks studied previously by (Fleming et al., 2016; Gevorgyan et al., 2008) . A mass conservation vector is any vector n ! 0 satisfying S T n ¼ 0.
The space of all conservation vectors N þ forms a convex polytope:
The set of extreme rays of N þ is finite and computable using the existing methods for finding elementary modes of metabolic networks (Schuster et al., 1999; Terzer and Stelling, 2008) . Denote the set of all extreme rays by:
where T is the number of extreme rays. Each extreme ray p t defines a minimal unit of mass conservation and P characterizes all possible conserved moieties transferred between metabolites. If p t describes a metabolite in I k , then the corresponding moiety is defined. Otherwise, if all metabolites containing the conserved moiety are in I u (i.e. i 2 I u whenever p it > 0) then their chemical formulae are not unique and can be a variety of solutions formed by adding or subtracting a multiple of p t . For example, MIP usually returns the formulae for the oxidized and reduced ferredoxins as 'none' and 'H 2 ', respectively as they only differ by two hydrogen atoms. Any pair of formulae with this difference is thus a valid solution even 'C 100 ' and 'C 100 H 2 '. By adding a hypothetical elemental component R pit to the chemical formula calculated by MIP for each metabolite i, the expression can be generalized to chemical formulae that contain the unknown moiety corresponding to p t . In this formalism, the formulae for the oxidized and reduced ferredoxins become 'R' and 'H 2 R', respectively. One unique hypothetical "element" was used for each unknown moiety corresponding to each p t in this study. This is similar to the current practice of assigning a 'R' or 'X' group in GSM reconstruction, except unknown groups here are constrained by the metabolic network structure (i.e. the space N þ ) and therefore do not affect the mass-and-charge balance. Figure 1 shows 
Summary of the procedure
The complete procedure is summarized as follows:
i. Identify the set of non-exchange reactions J ne , the set of known metabolites I k and unknown metabolites I u .
ii. Solve MIP and resolve conflicts in S and m. 
Standardization of biomass reactions
After running the procedure in Section 2.3, the MWs of the biomass and macromolecules can be calculated. A biomass reaction is not standardized if (i) the MW of the formula is not equal to 1 g mmol
À1
, or (ii) the formula contains any of the conserved moieties flagged by the extreme ray calculation (e.g. ACP, ferredoxin). The stoichiometric coefficients in the biomass and macromolecule reactions need to be rescaled according to the original biomass composition so that the biomass has a MW of 1 g mmol
. For the 20 models curated in this study, the chemical formulae for most known metabolites (I k ) used were adopted from MetaCyc, in which all metabolites are protonated to the physiological pH 7.3 (Caspi et al., 2016). The BiGG (King et al., 2016) or the SEED databases (Henry et al., 2010) were used for those not found in MetaCyc. See Supplementary Table S2 for the curation of  biomass reactions and Supplementary Table S3 for the conserved moieties identified for each of the curated models.
Flux balance analysis
FBA simulations were performed under the condition of carbon and ATP limitation. Community simulations were performed by treating the microbial community as one multi-compartment metabolic model with the unweighted sum of the biomass reaction fluxes of individual organisms as the objective function.
Results
Determination of in silico biomass weight
48 models from the GSM model collection in the openCOBRA community (https://github.com/opencobra/m_model_collection), together with 16 models from the literature, were taken to form a group of 64 models (Supplementary Table S1 ). We applied MIP to determine the MW of biomass within each GSM model (see Section 2). Only external metabolites with defined chemical formulae were used to define the set of known metabolites I k . Only a few models Fig. 1 . Identification of defined or generic conserved moieties. S is the stoichiometric matrix. P is the extreme ray matrix identified from S. The minimal formulae are the results from solving MIP. Adding the generic conserved moieties into the minimal formulae results in the general formulae strictly comply with the standard of 1 g mmol À1 for the MW of the biomass (Fig. 2) . They include models of Escherichia coli (Archer et al., 2011; Feist et al., 2007; Orth et al., 2011) ). Approximately 42 of 64 models exhibited >5% discrepancies and 20 models had >20% discrepancies. We selected 20 models, which span model and industrially important organisms for correction and further analysis (see Table 1 , models are available in Supplementary Material).
Curation of biomass reactions
For the 20 corrected models that are now mass-and-charge balanced, the biomass reaction of each model was further modified to produce biomass with a MW that is normalized to 1 g mmol À1 . This entails renormalizing the coefficient of each biomass component according to its mass fraction provided in the original biomass composition data. If the data was not available, the coefficient for each component was divided by the biomass MW calculated by MIP (in g mmol
À1
), ensuring that the updated biomass reaction produces biomass with a MW equal to 1 g mmol À1 .
We identified three primary sources leading to inaccuracies in the biomass MW (Fig. 3) . First, a subset of models uses biomass reactions that were generated by automated platforms or adapted from other models (e.g. the models for Bacteroides thetaiotaomicron, Faecalibacterium prausnitzii, Lactococcus lactis, Streptococcus thermophilus and Yeast 7). In the absence of experimental data, the mass fractions for the biomass reaction were simply obtained by uniformly normalizing over all biomass components. Second, for some models we found inconsistent stoichiometric coefficients in the biomass reaction because the MWs of macromolecules used for calculating the coefficients were not the same as the actual MWs implied by their elemental balance. For example, in the Yarrowia lipolytica model, our MIP procedure calculated MWs for phospholipids that were $100Â larger than the MWs used in the original model construction (Pan and Hua, 2012 ) yielding a biomass MW of 30 g mmol
. The reason for this was that the model lipid building blocks such as 1-acyl-sn-glycerol 3-phosphate were synthesized as polymers with 100-mers (e.g. in the reaction for glycerol 3-phosphate acyltransferase), instead of monomers as in other models. Inconsistent stoichiometric coefficients were also found in the models for Corynebacterium glutamicum, Clostridium acetobutylicum and Eubacterium rectale. A probable reason for the errors is the lack of the application of a procedure to ensure complete mass balance and verify the biomass MW. Some GSM models included metabolites with undefined side-groups (e.g. acyl groups in lipids) that complicate the estimation of the MWs of macromolecules. Among the models examined, Bacillus subtilis, C. acetobutylicum, Enterococcus faecalis, E. rectale, Porphyromonas gingivalis and Yeast 7 included metabolites with chemical formulae containing generic 'R' or 'X' groups. Finally, small molecules in macromolecular synthesis reactions were sometimes missing, (e.g. missing proton in the growth-associated maintenance (GAM), H 2 O in protein synthesis, and pyrophosphate in DNA or RNA synthesis). This was observed in the models for B. subtilis, C. acetobutylicum, C. glutamicum, E. rectale and Pichia pastoris. Figure 3 pictorially illustrates the sources of error in the calculation of biomass composition. A detailed discussion regarding mass-and-charge imbalance and how biomass reactions were corrected is included in Supplementary Material S1 and Supplementary Table S2 .
Impact on FBA and community simulation
To access the impact of the non-standardized biomass reactions, FBA was performed for each one of the 18 curated models to optimize the original and the corrected biomass reactions (matching 1 g mmol
À1
) for 1000 sets of randomly sampled uptake rates on carbon sources. Half of the models have !10% difference (on average) in biomass yield over the range of the uptake sets (Fig. 4A) . We observed that significant errors for even a single component in the biomass reaction could have a profound effect on FBA calculations. For example, in the B. subtilis model, proton production due to GAM was missing resulting in a 10% increase in the MW of biomass. After correction, the predicted biomass yield increased by 17% because the extra proton can drive additional ATP production to support growth.
We also constructed a proxy gut microbial community of three bacteria using the curated models for B. thetaiotaomicron, C. acetobutylicum and E. rectale. The growth of the community was simulated using FBA by maximizing the uniform sum of individual biomass formations (El-Semman et al., 2014; Heinken et al., 2013; Heinken and Thiele, 2015a,b; Stolyar et al., 2007) . Diets composed of various ratios of total carbohydrate and dietary fiber to amino acids (CF/AAs) were tested in the simulations (Supplementary Table  S4 ). Differences were observed upon optimizing the sum of the original versus corrected biomass reactions (Fig. 4B) . Using the original biomass reactions, FBA predicted the dominance of E. rectale at high CF/AA ratio and no growth of B. thetaiotaomicron under all conditions. Using the corrected biomass reactions, the expected dominance of B. thetaiotaomicron at high CF/AA ratios was predicted. The co-growth of Bacteroidetes and Firmicutes experimentally observed in gut microbiota (Huttenhower et al., 2012) , was also predicted at CF/AA ratios ranging from 0.2 to 1 and from 4 to 6. This confirms that non-standardized biomass reactions in microbial community simulations can cause a significant and systematic biased preference toward the more lightly weighted microbes (E. rectale in this case). The quantitative impact of 10-40% discrepancies in biomass MWs for the community members causes a disproportionate and often dramatic change in community composition.
Discussion
A method to ensure complete mass balance in GSM networks
Analyzing the biomass MWs for 64 GSM models suggests that standardizing the biomass reactions in models is not yet common practice. This can lead to significant errors, especially for microbial community models. A possible reason for this omission is the difficulty of computing the in silico biomass MWs in the presence of metabolites with undefined side-groups (e.g. alkyl group) and inconsistencies in mass balances. These observations support the necessity of a systematic procedure to ensure complete elemental balance and standardized biomass reactions, in line with the recent call for clearer standards (Ebrahim et al., 2015) . The proposed procedure determines the biomass MW and reveals imbalances among reactions based on a set of defined metabolites which must at least include external metabolites sufficient for biomass production. It can accommodate both generic Fig. 3 . Sources of errors in the biomass reactions. Three sources of errors in the biomass reactions: (i) biomass reactions generated by automated platforms or adapted from other models with biomass components deleted ('Bio5') or newly added; (ii) inaccurate stoichiometric coefficients in the biomass reaction ('Bio3', 'Bio4') partially due to the existence of undefined side-groups (e.g., 'R' and 'X'); and (iii) missing cofactors in macromolecular synthetic reactions, such as proton in GAM ('H þ '), water in protein synthesis and pyrophosphate in DNA and RNA syntheses metabolites containing conserved moieties (e.g. ferredoxin) and metabolites with defined formulae (e.g., AAs) using the network structure encoded in the S matrix. The procedure provides a systematic way of testing for biomass MW consistency. The veracity of the results from the procedure relies on the correct chemical formulae for known metabolites. This implies the need to determine/verify the correct protonation state of each known metabolite at the compartmentspecific physiological pH based on its chemical structure (Flamholz et al., 2012; Noor et al., 2013) .
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